We investigated morphological response of yellow water-lily and arrowhead to water velocity gradient in the lowland We lna river (Western Poland). Percentage cover of floating and submerged forms of yellow water-lily and arrowhead had been measured in randomly selected sites of 16 m 2 . We analyzed 62 stands of Nuphar lutea and 80 stands of Sagittaria sagittifolia using 13 environmental variables. Redundancy analysis (RDA), the Monte Carlo permutation test, ranges of chemical and hydrological data, Generalized Additive Models (GAMs) and transfer function were used to describe reaction of investigated species to water velocity. Among the analyzed parameters of microhabitats with the floating and submerged forms of investigated species, velocity, pH, water colour, hydration and organic matter in bottom sediments were statistically significant. In S. sagittifolia case, the velocity was the most important parameter, while in N. lutea -both velocity and content of organic matter in river substrate were statistically significant.
Introduction
Field experiments are real source of information about behavior of aquatic plants in response to complex and variable environmental conditions. Ecological studies in situ allow to understand basic mechanisms of such responses to the environment (Quinn et al. 2011) . In fluvial ecosystems, heterogeneity of macrophyte morphology (emerged, submerged and floating forms) is closely related to hydrodynamic factors, especially velocity and the type of water flow (Carr et al. 1997; Schoelynck et al. 2013) . Previous studies emphasize that the diversity of flexible forms depends strictly on the flow situation (Gutknecht & Stephan 2002) . Ecological research of the effect caused by hydrodynamic stress on life strategy of macrophytes indicates the feedback between the occurrence of their different forms and hydrodynamic factors. On the one hand, the hydrological regime determines the forms of aquatic plants. The emerged, submerged and floating forms are plant response to variable water velocity (Kohler et al. 1971; Chambers et al. 1991; Grinberga 2011; Manolaki & Papastergiadou 2013) . Many studies show modifications of the growth type and morphological changes of aquatic plants under the influence of water movement. These changes include limitation of body size and shifts in biomass allocation (Puijalon et al. 2007 ). On the another hand, earlier results confirmed that aquatic vegetation modulates the flow type, slow down water velocity and affects processes of river corridor dynamics (Green 2006; Dijkstra & Uittenbogaard 2010; O'Hare et al. 2011; Dijkstra 2012; Gurnell 2013) . The relationship between morphological modifications and environmental pressure could be a crucial factor in understanding the adaptive potential of macrophyte phenotypes to the habitat conditions (Puijalon et al. 2007; Manolaki & Papastergiadou 2013) . Morphological characteristic provides information on the aquatic plant fitness.
In our study, a special attention is paid to the investigation of naturally formed submerged and floating vegetation mosaic under the flow velocity gradient in a river. We tested the co-occurrence of two higher aquatic plant species Nuphar lutea (L.) Sibth. & Sm. and Sagittaria sagittifolia L. under different current velocities.
Based on the previous studies of morphological variations and adaptations to water movement, we hypothesized that: 1) the main factor responsible for changes in the morphological forms of macrophytes is the variable velocity of water, 2) increase in water velocity leads to the shift from the emerged through floating to submerged forms, 3) morphological adaptations to water velocity involve formation of the submerged and flexible variants of aquatic plants.
Material and methods

Study species
Nuphar lutea is a widespread species of freshwater lakes, ponds and slow streams. It has a long, horizontal rhizome and both submerged basal leaves and exposed leaves that Table 1 . Environmental conditions of studied microhabitats with Sagittaria sagittifolia including morphological forms: F -floating (sample size: 23) and S -submerged (sample size: 70). Mean range and significant differences between parameters of groups of plants (U Mann-Whitney test). Significant differences: ***P < 0.001; **P < 0.01; *P < 0.05. ns -not significant. (Casper & Krausch 1980; Fér & Hroudová 2008) . Sagittaria sagittifolia occurs in the shoreline area of lakes and in watercourses in temperate Europe and Asia. It is also distinguished by its highly phenotypic plasticity (Klančnik et al. 2013) . In response to changing environmental conditions it produces a variety of submerged and emerged leaves. Arrowhead is a stoloniferous species, consisting of a rosette of leaves that are radical, hastate or sagittate (standing water conditions, form "natans"). In faster flow conditions it forms elongated and narrow leaves of up to 2.5 m in length (form "vallisneriifolia") (Casper & Krausch 1980) . Floating leaves represent the transitional stage between the submerged and emerged forms in standing waters. The optimum depths for Sagittaria sagittifolia range from 0.1 to 0.8 m (Casper & Krausch 1980; Kőrs et al. 2012 ).
The experimental research was conducted in the lowland We lna river (Western Poland), in the section between N: 52
• 45 48, 7; E: 16 • 57 43, 5 and N: 52
• 38 40, 3; E: 16
• 48 16, 04, 30 km in length. The total length of this river is 118 km and its catchment area is 2621 km 2 . The field study was conducted in 2012, during the vegetation season. Randomly appointed stands (4 × 4 m, 16 m 2 ) with the domination of Nuphar lutea and Sagittaria sagittifolia were investigated in relation to 13 parameters of the river, water and bottom substrate (Table 1 and Table 2 ). 62 stands of Nuphar lutea and 80 of Sagittaria sagittifolia were checked. The relative percentage cover in the 9 degree scale (1 0.5%, 2 0.5-1.5%, 3 1.5-3%, 4 3-5%, 5 5-12.5%, 6 12.5-25%, 7 25-50%, 8 50-75%, 9 75-100%) and the frequency of species were noted. The morphological forms: floating and submerged were checked in every plot. Floating and submerged plants, corresponding to the water velocity, were examined: (1) 0-0.250, (2) 0.251-0.500, (3) 0.501-0.750, (4) 0.751-1.000 (Table 3) .
In situ the pH, electric conductivity and dissolved oxygen in the river were measured using a multiparameter sonde YSI 556 and water transparency with white Secchi disk. Additionally, in each microhabitat, the surface water velocity, depth of water and width of river channel were measured. In each of the vegetation plots, the water sample was taken for laboratory analyses (turbidity, total suspended sediments, inherent water colour and dissolved organic matter). The bottom sediments samples were collected using a core cutting sampler. The sample of fresh sediment was mixed in order to homogenise its content and, later, 3 subsamples were taken for further analyses. In the air-dry samples (without water excess), the degree of hydration (H) was measured after drying of sediment in 105
• C. After drying, in the air-dry samples the content of organic matter (OM), as loss in ignition at 550
• C, was analysed. Physical and chemical analyses were performed according to the ISO standards and methods recommended by APHA (Clescerl et al. 1998 ).
Statistical analysis
Standard nonparametric (gamma test, Mann-Whitney test and Kruskal-Wallis) tests were used in order to analyze morphological differences between the submerged and floating forms of investigated species. The Shapiro-Wilk test was used to assess the normality of variable distribution, whereas the F-test and Lévene's and Brown-Forsyth tests were used to assess the equality of variance in compared groups. In order to normalise the distribution of analysed variables, outliers were removed (in justified cases, not more than one in a given group).
To determine the most important variables for the submerged and floating forms (separately for S. sagittifolia and N. lutea), automatic forward selection of environmental variables (in RDA analysis) was used in combination with the Monte Carlo permutation test (999 permutations) (Lepš & Šmilauer 2003) .
Morphological response of investigated species to most important environmental factors was modelled using the GAMs model (Hastie & Tibshirani 1990) . We used the Poisson distribution and smooth term complexity was selected using the Akaike information criterion (Lepš & Šmilauer 2003) . The assessment of environmental data was made by using software C2 (Juggins 2003) , including the weighted averaging model (WA). This enabled to determine the optima (weighted-average) and tolerance range (SD) of different morphological forms in relation to environmental parameters.
All the statistical analyses were performed using the R statistical package ( Table 3 .
Results
Microhabitat and species-environment relationships
The statistically significant differences between the microhabitats of floating and submerged forms of Sagittaria sagittifolia were found for water velocity, pH, hydration and bottom organic matter content (Table 1) . The pH and velocity of water as well as the level of hydration and organic matter content in substrate were higher in microhabitats with the submerged form of S. sagittifolia.
According to microhabitats of floating and submerged forms of Nuphar lutea velocity, colour of water, bottom hydration and organic matter were statistically significant parameters. Likewise to previous species the higher values of significant parameters were noted for microhabitats with submerged form.
The mean values of water velocity ranged from 0.19 m s −1 for the floating forms to 0.48 m s −1 for the submerged forms of both species. Comparing these two species, the submerged form of S. sagittifolia definitely occurred in the higher values of water velocity (mean 0.48 m s −1 ), than the corresponding form of N. lutea (mean 0.38 m s −1 ). The mean content of organic matter ranged from 1.48% for the submerged to 5.38% for the floating forms of both species. Furthermore, the Monte Carlo permutation test was used with 999 permutations to reduce the number of ecological variables (Table 4) . Variables with a low significance level (P > 0.05) were removed. Among the 13 analyzed parameters, only the velocity gradient and content of organic matter in substrate were statistically significant. These parameters should be considered the most significant in the development of submerged and floating variants of investigated aquatic plants. 
Morphological responses
Generalized Additive Models (GAM) for the investigated species revealed a clear differentiation of their niches. The statistically significant parameters (the significance confirmed by the Monte Carlo test, Table 4 ) are presented as the response curves of floating and submerged forms of investigated species (Figs 1, 2) . Sagittaria sagittifolia clearly responds to the variability of water velocity through changing its morphology. The life strategy of this species is strictly correlated to the velocity gradient of water. The high water velocity results in the high occurrence of the submerged form of Sagittaria sagittifolia and low occurrence of the emerged-terrestrial form. The GAM model of the floating form of arrowhead shows a decreasing monotonic response curve, while its submerged form shows a symmetrical unimodal model. The optimum water velocity for the floating form was 0.13 m s −1 and tolerance 0.18 m s −1 , while for the submerged form, the optimum was 0.37 m s −1 and tolerance 0.23 m s −1 (Fig. 1 ). The response of Nuphar lutea is not so clear. In this case, the diversity of morphological forms depended on water velocity and some parameters of river environment, such as the content of organic matter in the bottom substrate. The velocity GAM model for the floating form of Nuphar lutea shows a decreasing monotonic response curve, while for its submerged form it reveals an increasing monotonic response curve. The optimum occurrence of the floating form was found for the water velocity of 0.27 m s −1 and tolerance 0.48 m s −1 , while for the submerged form, the optimum was for 0.45 m s −1 and tolerance 0.26 m s −1 (Fig. 1) . The optimum content of organic matter in bottom sediments for the floating form was 5.30% and tolerance 7.12%, while for the submerged form -1.09% and tolerance 1.40%, respectively (Fig. 2) .
Discussion
Our study confirmed that water velocity is the most significant parameter that determines the variability of morphological growth forms (floating and submerged) of two investigated aquatic plants.
Plants' reactions to the flow regime enable them to occur under environmental stress conditions. Previous literature emphasizes that hydrological conditions, mainly velocity of water, are a crucial factor in the spread of different macrophytes forms (Dijkstra & Uittenbogaard 2010; Kőrs et al. 2012; Ferreiro et al. 2013; Li et al. 2013) . Different emerged, floating and submerged morphological forms are adaptation to water movement (Kőrs et al. 2012) . Such ecomorphological forms -submerged (hydrophytes sensu stricto) and emerged (helophytes) are plant responses to the variety of ecological conditions (Vukov et al. 2012 ).
An increase in water velocity leads to a decrease in the total number of Sagittaria sagittifolia and Nuphar lutea individuals. However, a strong velocity of water favours the occurrence of submerged forms of both species. The border velocity for the frequent occurrence of considered aquatic plants is 0.750 m s −1 . Above this value, the frequency of yellow water-lily and arrowhead decreases.
Our results indicate also that the occurrence of Sagittaria sagittifolia is strictly connected with water velocity, while Nuphar lutea with the additional studied parameters, such as the depth and substrate type in a river. However, another study demonstrated that the occurrence of arrowhead is just related to the water depth, with the optimum depth being 0-0.8 m. In this research, arrowhead was more sensitive to the water level fluctuations than yellow water-lily (Hroudová 1980) . Further studies showed that velocity is more important factor than depth in relation to the plant spatial distribution (Dijkstra & Uittenbogaard 2010) . It should be noted that the sizable depth in a river channel is associated with poor water conditions. Low light availability favours eutrophic conditions, which determine the spread of submerged macrophytes. Better water transparency promotes the higher number of underwater forms (Xing et al. 2013 ). In our study, the form of Nuphar lutea was connected with the substantial depth of a river. Along with the water depth increased the content of dissolved organic matter. Nuphar lutea tolerates high organic substrate and nutrient level (Rooney et al. 2013) . Free floating forms mange better in such limited light conditions of water (Steffen et al. 2013) . Differences in morphology of Sagittaria sagittifolia and Nuphar lutea result in the different rigidity of their tissues (Sukhodolova & Sukhodolov 2012; Steffen et al. 2013) . Nuphar lutea produces very long rhizomes that make plants resistant to the flow pressure (Rooney et al. 2013) . Furthermore, yellow water-lily was described in literature as mowing-tolerant species (Steffen et al. 2013) .
Our results clearly indicated the presence of contrasting forms of investigated species in one fluvial system. Hence, we presume that the achievement of optimal adaptation features and life strategy of both species are closely related to the water velocity.
An increased agricultural intensification, eutrophication and nitrogen supply are reflected in the shift in the community structure of aquatic plants towards the dominance of those nymphaeid species that tolerate a high content of organic matter. In the study of diversity loss in the macrophyte vegetation in Germany (Steffen et al. 2013) , authors indicate that apart from the changes in nymphaeids composition, also the number of lemnids increased. It is connected with their free-floating growth forms (Steffen et al. 2013) . Furthermore, Quinn et al. (2011) in their study of preferences between the alien-native pairs of the same life form proved that alien species of macrophytes are better adapted to eutrophic conditions than native taxa.
Mechanical impact of water velocity plays an important role in the determination of phenotypic plasticity. It leads to increased clonal growth and biomass production, the development of more compact growth forms and decrease in body size (Puijalon & Bornette 2006; Puijalon et al. 2007) . Contrarily, constraints resulting from hydrodynamic stress contribute to the development of new features and functions by the different submerged and emerged forms of macrophytes. Such features and functions include, for example, modifications in shape of leaves, spatial organization of plant biomass, type of clonal growth and offspring production (Puijalon & Bornette 2006; Ferreiro 2013) . A good example of hydrodynamic stress tolerance can be mosses, which have small body size. Aquatic plants can colonize marginal habitats and survive in difficult and unfavorable water conditions, such as strong water velocity and the variety of flow types. Habitats that are subject to serious damage, e.g., by strong water movement, are less colonized by aquatic plants (Li et al. 2013) . Flexible forms ensure colonization of unoccupied spaces, unavailable for other species of macrophytes (O'Hare et al. 2011) . Moreover, submerged vegetation has a significant impact on the accumulation of fine sediments, reduces erosion, increases retention, preserves water clarity and improves its quality (Horippila & Nurminen 2003; Kleeberg 2010; O'Hare et al. 2011; Lorenz et al. 2012) . We showed the relationships between water velocity and other environmental factors, such as the depth of water and type of substrate. It seems that the changes in water movement are followed by the changes in macrophyte functioning in running waters. The British authors found that the occurrence of emerged and submerged forms in a river is connected with the presence of sand and fine bed sediments (Gurnell et al. 2010 ). R-S strategists (sensu Grime 1979) -macrophytes reaction to the disturbance of environmental conditions induces the pronounced dominance of submerged forms, which are more tolerant and resistant to hydrodynamic stress. It seems that this life strategy -a balance between the emerged and submerged forms enhances the ability to survive.
In the life history of macrophytes, the shift from the emerged through floating to submerged life forms reflects the response to the changes in water velocity. Previous studies emphasize that narrow, elongated leaves of submerged forms are more resistant to hydrodynamic pressure than dens and ovate floating leaves of emerged forms (Xing et a. 2013) . Furthermore, morphological adaptations, such as reduction in the leaf number, are the result of aquatic plant response to hydrodynamic stress (Puijalon et al. 2007 ). Growth forms of aquatic plants can be used as tools for the habitat modification assessment and monitoring of ecological status of different rivers types (Gurnell et al. 2010; Lorenz et al. 2012; Vukov et al. 2012) .
The main goal of our study was to prove that the life history of different species is connected to the velocity gradient. Aquatic plants adapt to hydrodynamic stress, including floods and changes in velocity, through the variety of changes in their morphology, life history and behaviour (Rooney et al. 2013) .
To sum up, the gradient of velocity in a watercourse plays an important role in controlling the life forms of aquatic plants. Firstly, the morphological variability of investigated species reflects their plasticity. Secondly, morphological variations are followed by the changes in functions performed by these aquatic plants. The investigated macrophytes respond differently to the water velocity, what suggest differences in their ability to sustain the pressure of water. These species are important elements in eutrophic streams, with the supremacy of submerged forms with elongated leaves, as well as in riparian zone with the domination of emerged, free-floating leaves. Therefore, understanding the ecology of investigated species may be crucial for nature conservation and management of lowland river macrophytes.
